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We introduce the forward-backward asymmetries A„, Ad corresponding to uu, dd — >■ tt production, 
respectively, at hadron colliders. These are collider- and center-of-mass-independent observables, 
directly related to the forward-backward and charge asymmetries measured at the Tevatron and the 
LHC, respectively. We discuss how to extract these asymmetries from data. Because these asymme- 
tries are collider-independent, their measurement at these two colliders could elucidate the nature of 
the anomalous forward-backward asymmetry measured at the Tevatron. Our framework also shows 
in a model-independent fashion that a positive Tevatron asymmetry exceeding the standard model 
expectation is compatible with the small asymmetry measured at the LHC. 



Introduction. The top quark is the heaviest elemen- 
tary fermion discovered and, as such, it is expected to 
be a good probe for physics beyond the standard model 
(SM). At present, thousands of top quark pairs have been 
produced at the Fermilab Tevatron and the CERN Large 
Hadron CoUider (LHC), allowing for a detailed study 
of its properties. So far, the most interesting deviation 
from the SM predictions has been found in the forward- 
backward (FB) asymmetry in tt production at the Teva- 
tron, which is defined by the relative difference (normal- 
ized to the total number) of events with cos^? > and 
cosO < 0, being 6 the angle between the top quark and 
the incoming proton in the center-of-mass (CM) frame. 
The measurements from the CDF and DO Collaborations, 
Afb = 0.158 ± 0.075 El Aps = 0.196 ± 0.065 0, and 
ApB = 0.162 ± 0.047 [3|, are found to be consistently 
above the SM expectation, Af^ = 0.089 At high ti 
invariant mass, mti > 450 GeV, the CDF Collaboration 
measures an even larger asymmetry and the deviations 
with respect to the SM predictions are more significant. 
This fact has motivated a number of new physics propos- 
als to accommodate these observations |5l-[lot (see (ll| 
for reviews). These models predict a variety of striking 
new signals [l3| , including the observation of new parti- 
cles [13|. But unfortunately, Tevatron and LHC searches 
have not found any of these new effects beyond the SM. 

The Tevatron excess can also be tested at the LHC. 
At this collider the initial pp state is symmetric and, 
therefore, the FB asymmetry vanishes. Still, a charge 
asymmetry Ac can be measured, being this quantity the 
relative difference between the number of events with 
\yt \ > \yt\ and \yt \ < \yt\, with yt {yi) the rapidity of the 
top (anti)quark in the laboratory frame [1J|. The FB 
asymmetry at the parton level translates into a charge 
asymmetry in pp collisions because the valence quarks 
q = u,d have a larger average momentum fraction than 
antiquarks q, Xq > Xq, leading to a boost of the ti sys- 
tem along the direction of the incoming quark, and to a 
larger average rapidity for top quarks than antiquarks. 



(Note that tt production from gg fusion is FB symmet- 
ric.) Ac provides an independent test of FB-asymmetric 
new physics in ti production but, so far, the measure- 
ments from the ATLAS and CMS CoUaborations, Ac = 
-0.018 ± 0.036 [Hi, Ac = -0.013 ± 0.041 and 
Ac = 0.004 ± 0.015 [l3| are consistent (and slightly be- 
low) with the SM prediction A^ = 0.0115 This is 
a quite puzzling situation, because the simplest SM ex- 
tensions proposed to explain the Tevatron anomalies__ 
llQ] also predict an enhancement of Ac at the LHC 
and so do other more complex proposals [l^l- The same 
point applies to the yet unknown SM next-to-leading or- 
der (NLO) corrections to the asymmetries, which, if in- 
creasing to reach the CDF and DO measurements, 
should likely increase A^ too, making it deviate fur- 
ther from the ATLAS and CMS measurements. On the 
other hand, the consistency of the experimental results 
disfavors an explanation of this puzzle by an individual 
unknown systematic error. 

Collider-independent asymmetries. Although ApB 
and Ac both arise from some FB asymmetry in qij — >■ 
ti, they cannot be directly compared because they 
are inclusive observables averaging over all subprocesses 
uu, dd, gg — >■ ti, which have different relative importance 
at the two colliders. Moreover, at the LHC the charge 
asymmetry is diluted because a sizable fraction of qq — ti 
events have the incoming quark with smaller momentum 
fraction than the antiquark. In this regard, ApB and Ac 
can be considered as different 'combinations' of the 'in- 
trinsic' asymmetries A^, Ad in uu,dd — >■ ti, respectively. 
More specifically, Afb and Ac can be written in terms 
of these asymmetries A^ , Ad in the form 



Afb — AuFu + AdFd , 
Ac = AuFuDu + AdFdDd . 



(1) 



Here, Fq, q — u,d are the fractions of uu and dd events, 
respectively, and Dq are 'dilution' factors, defined as the 
relative difference between events with Xq > Xq and Xq < 
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Xq. (In the case of ApB the corresponding dilutions are 
very close to unity.) Equations ([T]) hold, with the same 
values of Aq for the Tevatron and the LHC, for a fixed 
partonic CM energy s and, to a good approximation, 
if we restrict ourselves to a suitable bin of m^f = ^/§. 
These equations are also valid in the SM at NLOEI In 
particular, if ApB and Aq are calculated at fixed NLO in 
perturbation theory, then Fq are the leading-order (LO) 
qq fractions, while if the denominators in the definition 
of ApB and Ac are calculated at NLO, so must be Fq. 

Measuring A^ and Ad . The extraction of the individ- 
ual asymmetries A„ and Ad from the 'total' ones ApB, 
Ac can be done by exploiting the dependence of the lat- 
ter on the velocity of the tt system in the laboratory 
frame. This is a kinematical variable involving the rela- 
tive boost of the CM and laboratory frames, independent 
of the parton-level CM energy s and opening angle 0, the 
quantities parameterising the 2 — )• 2 process qq — > tt. 
Hence, for fixed s the asymmetry in qq — >■ tt is indepen- 
dent of p. For arbitrary s there is a residual dependence 
of the asymmetry on /3, induced by the dependence of the 
parton density functions (PDFs) on the momentum frac- 
tions |22l] . But. working within bins of rrijj, with a width 
of 100 GeV or smaller, this dependence is negligible for 
practical purposes and Eqs. ([1} hold, with /3-dependent 
functions Fq, Dq and /3- independent constants Aq. The 
former functions can be computed from Monte Carlo, al- 
lowing to obtain the latter with a fit to the Apb{I3) or 
Ac{l3) distributions. 

The capability to discriminate A^ and Ad with a fit 
to ApB {Ac) is driven by the variation with /3 of the 
ratios R = F^/Fd (i? = F^Du/FdOd). For illustration, 
we plot in Fig.[T]these ratios for the bin 400 < m^f < 450 
GeV, for the Tevatron and the LHC with a CM energy 
of 8 TeV (LHC8) — for 7 TeV R is practically the same. 
Aside from the more pronounced variation of at the 
Tevatron, it is worthwhile pointing out that the average 
value of R differs by a factor ^ 2 at the Tevatron and 
the LHC. At the Tevatron both u, d from the proton and 
u, d from the antiproton are valence quarks, so that dd 
is roughly one quarter of the uu contribution. At the 
LHC "0, d are sea quarks and dd is only one half of the uu 
contribution. 

In order to measure A„ and Ad from experimental 
data, it is necessary that the 'true' fractions Fq in Eqs. ([1]) 
can be well approximated by the SM ones. (The dilution 
factors are practically the same, at the per mille level, 
even with sizeable new physics contributions.) This is a 



^ At NLO there is also an asymmetry from gq — > ttq, which 
amounts to 5% of the total one at the LHC l2l( . Ignoring this 
contribution in Eqs. jlj gives deviations in Au, of the same 
magnitude as the deviations due to the finite •m^^ bins, and much 
smaller than the experimental precision. In any case, additional 
gq terms can be included in the right-hand side of the second 
equation. 
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FIG. 1. Ratio 7? (defined in the text) between u and d func- 
tions, for 400 < rritt < 450 GeV. 



reasonable assumption since the measured tt differential 
distributions agree well with the SM prediction [23, 2^]. 
Second, it is also necessary that the m^j dependence of 
the asymmetries, if any, is moderate, to guarantee that 
Aq are in fact independent of /3 within each rritt bin. 
This is also fulfilled by the latest Tevatron 0, and 
LHC 1^, 17 1 data. Under these two conditions, the values 
of Au, Ad determined from the fit effectively correspond 
to the FB asymmetries for uu, dd ti, respectively. 

This setup can be explicitly tested by generating high- 
statistics pseudo-data samples for the Tevatron and the 
LHC; including a new physics contribution, and fitting 
Au and Ad with the Fq, Dq functions calculated from 



Monte Carlo. As new physics model we consider a heavy 
axigluon parametrized in the form of effective four- 
fermion operators with couplings .gngas/A^ = —0.93 
TeV^^ |25|]. To a good approximation, the total asymme- 
tries are obtained by summing these new physics contri- 
butions to the SM values, which arise at one loop level. 
However, the inclusion of the SM contributions is not nec- 
essary for our discussion, focused on showing that Au, Ad 
are the same at Tevatron and LHC and that they can be 
extracted from experimental data. All computations are 
performed with the tree- level generator Protos [1^. For 
this benchmark model the total cross sections and new 
physics contributions to the asymmetries are a — 6.46 
pb, = 0.097 at the Tevatron and a = 103 (150) pb, 

= 0.02 (0.018) at the LHC with 7 (8) TeV, 

using CTEQ6L1 PDFs [27]. We consider mti bins of 50 
GeV up to 700 GeV, and for each one we perform the fits 
using P bins of 0.1 (0.2) for the LHC (Tevatron). The 
best- fit values are presented in Table HI together with the 
FB and charge asymmetries. 

The excellent agreement between the Tevatron and 
LHC determinations of Aq confirms that the fit indeed re- 
turns the uu and dd asymmetries at both colliders. This 
agreement is even more striking if we consider that, for 
each rriti bin, ApB and Ac differ by an order of magni- 
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TABLE I. Asymmetries for the axigluon benchmark model in 
different m-ii bins. Rows labelled as 'true' correspond to the 
true values, and rows labelled as 'SM PDF' contain the values 
of Aq extracted using the SM functions Fq, Dq. 
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tude. We have also tested color octets coupling only to 
uu (dd) as well as Z' (W) bosons, and checked that the 
fit correctly returns (Au) consistent with zero. We 
also observe that using the SM fractions Fq is an excel- 
lent approximation up to rrijf ~ 600 GeV. For higher m^f 
correction factors could be applied using data for cali- 
bration. This sophistication is beyond the scope of the 
present work (the difference is smaller than the experi- 
mental sensitivity); however, we point out that the ratio 
between the true and SM qq fractions is almost indepen- 
dent of l3 in all models tested. Thus, a global factor for 
each rritt bin would suffice. 

Expected sensitivity. We now explore the prospects 
for the measurement of and Ad- For this purpose, 
an integrated luminosity of 20 fb^^ is assumed for the 
Tevatron, iO ib~^ for the LHC with 7 TeV and 30 ib'^ 
with 8 TeV, corresponding to the combination of both 
experiments at each collider. An overall selection effi- 
ciency of 25% for the semileptonic tt decay channel is 
assumed, similar to that found in the experimental anal- 
yses Apart from systematic uncertainties, which 
are detector-dependent and not considered here, the mea- 
surement of these asymmetries is limited by the size of 
the data samples. At the Tevatron, statistics at high /3 
are smaller because the events in pp collisions tend to 
be central. On the other hand, at the LHC the statis- 
tics are very good at high /? but the ratio i?(/3) has a 
smaller variation than at the Tevatron, see Fig. [TJ Con- 
sequently, the limits on (A„, Ad) extracted from data are 
strongly anti-correlated — these asymmetries must obey 
the sums in Eqs. ([T]) — and the resulting two-dimensional 
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FIG. 2. Allowed region at 68% C.L. on Aa) in the 400 < 
Tntt < 450 GeV bin for the axigluon benchmark model. The 
dot represents the best-fit values. 

regions are very stretched ellipses, as a result of the lim- 
ited statistics. For illustration, the allowed regions at 
68% confidence level (C.L.) are presented in Fig. [5J for 
the bin 400 < niti < 450 GeV. The point (0,0) cor- 
responds to the SM because we are working at leading 
order. The shaded regions with \Ad\ > 1 are not allowed 
because these asymmetries must range between — 1 and I . 
Remarkably, the slopes of these ellipses differ by a factor 
~ 2 at the Tevatron and the LHC, precisely the differ- 
ence between the mean values of R in Fig. [1] pointed out 
before. Therefore, the overlap region of the Tevatron and 
LHC limits is much smaller than any of them, and the 
combination of Tevatron and LHC measurements brings 
a great improvement in the determination of Au and Ad 
(see Fig. [31). 
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FIG. 3. Allowed regions at 68% C.L. on {Au,Ad) resulting 
from a Tevatron-LHC combination for the axigluon bench- 
mark model. The labels indicate the different mu bins (in 
GeV) considered. 

The measurement of Au and Ad may help understand 
the anomalous asymmetries observed at the Tevatron in 
two ways. A first crucial test regards the overlap be- 
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tween the Tevatron and LHC ellipses (that is, Fig. [3] and 
its analogous for other m^f bins). In our example, they 
intersect at the true values of (^„,v4rf), as expected, by 
construction. But in data this is yet to be tested, and 
this is especially interesting having in mind the appar- 
ent tension between Tevatron and LHC measurements. 
A second aspect is whether the combined measurements 
(i.e. Fig.[3|) are consistent with the SM or not, what can 
allow to spot the presence of new physics in tt production. 
In this respect, the statistical sensitivity for the measure- 
ment of {Au, Ad) is excellent, due to the benefit from the 
combination of Tevatron and LHC data, as it can be seen 
by comparing the individual limits for 400 < m^j < 450 
GeV in Fig. [2] and the combined one in Fig. |3l 

Systematic uncertainties will surely degrade the results 
shown here. In particular, at the LHC the charge asym- 
metry is small, what constitutes a difficulty for the ex- 
traction of Au and Ad- Still, the lower /3 bins can be 
used for calibration because the asymmetries in these 
bins must be tiny, of order 10~^ — 10"'^, due to the small 
dilution factors and qq fractions at low /3. Working in 
this direction, systematic uncertainties will likely be re- 
duced. Regarding the SM predictions (which must be 
evaluated at NLO when compared with real data), the 
crucial quantity to disentangle A^ and Ad is the ratio 
i?(/3) because the overall normalisation of the asymme- 
try in a given rriu bin is fixed by data. This ratio only 
depends on the PDFs for uu and dd, which can be well 
calibrated from other processes. 

Predictions for ApB and Ac- As an useful by-product 
of our analysis, we can reverse our procedure and ob- 
tain model-independent predictions for {ApB,Ac) within 
each bin, by varying A^ and Ad between —1 and 1. 
The resulting allowed areas are presented in Fig. |4] for 
the first four mtt bins. For higher invariant masses the 
allowed areas are rather similar to the one for 500 — 550 
GeV. We can observe that, in each m^t bin, it is possible 
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FIG. 4. Allowed values for Afb and Ac, for several vriti bins 
(in GeV). 



to have FB asymmetries of order 0.1 — 0.2 and still have 



a charge asymmetry close to, or even zero, at the LHC. 
Obviously, this is due to cancellations between uu and dd 
asymmetries of opposite sign, being the latter enhanced 
at the LHC because of the value of i? a factor of two 
smaller, see Fig. [TJ This is a notable result that shows 
that the Tevatron and LHC results are not incompatible 
but, on the contrary, their relationship deserves further 
investigation. 

Summary. In this Letter we have introduced two 
collider-independent FB asymmetries A^, Ad in tt pro- 
duction, corresponding to the uu — > ti and dd — > ti sub- 
processes, respectively. We have discussed how they can 
be extracted from the measurements of the FB asym- 
metry in tt production at the Tevatron and the charge 
asymmetry at the LHC. We have argued how the deter- 
mination of Au and Ad at these two colliders can help 
understand the nature of the anomalous FB asymmetry 
observed at the Tevatron, and possibly signal new physics 
in tt production. Finally, we have used this framework to 
show that the asymmetry excess at the Tevatron is indeed 
compatible with the small charge asymmetry measured 
at the LHC. 
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